immediately frozen in liquid N2. All of the harvests were performed in the 2nd or in the 16th hr of the light period or after different periods of darkness (2 and 5 min and 10 hr). Frozen tissues were powdered, lyophilized using Edwards High Vacuum LTD, model EF2 and stored over CaCl2 at -27 C for 1 or 2 weeks.
Acclimation of plants to cold involves substantial changes in plant metabolism leading to membrane and protoplast augmentation. The question arises as to what are the driving forces in the process of acclimation and what are the sources of energy. According to Levitt's suggestion (9) , the products of the light phase of photosynthesis might be responsible for cold-dependent metabolic shifts. Experimental data supporting that suggestion are very scarce. Thus, the present work was undertaken to check the effect of cold on adenine nucleotide changes in the frost-hardening process.
MATERIALS AND METHODS
Growth and Hardening of Plants. Winter rape plants (Brassica napus L., var. oleifera L., cv. G6rczaniski) were grown in nutrient solution in light-and temperature-controlled rooms as previously described (8) . After 4 weeks, half of the plants were transferred to hardening conditions: 5 C for 8 days followed by 6 immediately frozen in liquid N2. All of the harvests were performed in the 2nd or in the 16th hr of the light period or after different periods of darkness (2 and 5 min and 10 hr). Frozen tissues were powdered, lyophilized using Edwards High Vacuum LTD, model EF2 and stored over CaCl2 at -27 C for 1 or 2 weeks.
Simultaneously, the fresh and dry weights oftissues, comparable to those taken for nucleotides analysis, were determined.
Extraction and Determination of Nucleotides. Adenine nucleotides were extracted by putting 25 mg of dried tissue into 10 ml of boiling deionized H20 for 3 min. The extract was then rapidly cooled in an ice bath and centrifuged at 0 C to remove insoluble residue. The supernatant fraction was used directly for an assay. In order to determine the ATP, ADP, and AMP contents, 0.2 ml of the extract was incubated in HEPES buffer with P-enolpyruvate, pyruvate kinase, and adenylate kinase according to Pradet (15) . After incubation samples were immediately assayed by the luciferine-luciferase method, according to Saint John (16). A Beckman liquid scintillation system (model LS-100) was used to measure light produced in the reaction.
Enzymes and Chemicals. All enzymes and chemicals were products of Sigma Chemical Company.
RESULTS
Frost tolerance of leaves increased slightly during plant growth at 5 C for 8 days ( Fig. 1 ) and the marked increase of Tk2 to -14 C was noted after lowering the temperature to 0 C. However, the cold treatment did not increase the frost tolerance of roots ( The content of ATP in the control, non-cold-treated tissue did not change significantly in the course of experiment (Fig. 2) . Fluctuations observed in roots were probably due to the changeable proportion of young and older roots in the sample. Some ATP increase noted in roots at the end of experiment was probably due to the new root formation which usually occurs when plants are cultured in a water medium.
When plants were subjected to cold treatment significant changes in ATP content occurred in the tissues studied (Fig. 2) . In roots, ATP content was maintained at the level of the control during the first 4 days of cold treatment and then, after 8 and 14 days it decreased to about 50% of the initial value.
In leaves, a 2-fold increase of ATP content was noted during the first 4 ation, ATP content was determined in leaves of control and coldacclimated plants, kept in darkness. In these experiments all of the adenine nucleotides (ATP, ADP, and AMP) were determined. It was found that after 2 min of darkness ATP content decreased both in control and frost tolerant leaves (Fig. 3A) . In the next 3 min an increase was noted. After 10 hr of darkness, ATP content in control leaves was as high as that noted in the last few min of the light period. However, in frost-acclimated tissue, ATP content (Fig. 3B) . The changes of AMP content in leaves were the inverse of changes of ATP content (Fig.  3C ).
The sum of the adenosine phosphates remained almost constant in control leaves throughout the dark period (Fig. 3D) , which indicates that alterations in adenine nucleotides in the control tissue were due to a shift within the total adenylate pool. In frosttolerant plants, variations of the TAP were observed during the dark period: a transient and short lasting decrease of TAP, followed by its increase, were noted. (Table I) .
The adenine nucleotide content was also studied in leaf discs (Fig. 3, a, b, c, and d) to check whether the wounding of the leaf following excision would change adenosine phosphate content. It was found that pattern of adenine nucleotide changes during transition from light to darkness was not affected by tissue wounding. When energy charge was calculated for leaves and leaf discs (Table I ), a higher value was always observed in leaf discs. This was due to the higher ATP content. Increase of ATP following excision of discs from leaves was also observed by Macnicol (13) .
DISCUSSION
Frost tolerance changes during the first stage of hardening of winter rape plants (7) were found to be coincident with changes of ATP content in leaves. Increase of ATP content caused by lowering oftemperature to 5 C was accompanied by frost tolerance increase to Tk.4 = -8 C. Further lowering of temperature down to 0 C increased frost tolerance of the leaf tissue to TkO = -14 C, (the second stage of frost hardening, 15) , but ATP content did not show any further changes.
In the root tissue which was not able to harden we did not observe any increase of ATP content at 5 C. On the contrary, a marked decrease of ATP content was noted after prolonged time (14 days) of the root exposure to cold, which was probably a symptom of chilling injury.
Marked increase of ATP content in leaves of cold-grown plants observed in the light may be due to an excess of photophosphorylation over carbon assimilation at low temperature (2, 9, 12) . However, we observed that ATP and TAP content and energy charge value in the cold-treated leaves were even higher in darkness than in the light. This suggests that not only photophosphorylation as supposed by Levitt (10), but also ATP-regenerating systems operating in darkness contribute to metabolic shifts observed in cold-treated tissue.
The question arises as to what are the systems providing the energy in frost-tolerant leaves during a dark period. It is not possible to draw any definite conclusion from the results presented here but one can speculate on several possibilities.
1. ATP is accumulated in the leaves because it is not utilized in growth processes which are arrested during the first stage of acclimation.
2. In the cold-acclimated plants, systems regenerating ATP in darkness might not be affected by low temperature. In this case there are at least two possibilities. (a) Glycolysis might be effectively going on or even stimulated under cold conditions. Enzymes involved in glycolysis are not membrane-bound and this may make them less sensitive to temperature changes. Increase in soluble carbohydrate concentration induced by hardening may drive glycolysis at a higher rate-with a resultant increase in ATP.
(b) Oxidative phosphorylation may operate efficiently in frostacclimated tissue and may add to the increased ATP content. As stated by Lyons and Raison (I 1) and Pomeroy and Andrews (14) , phosphorylative efficiency of mitochondria was not affected by low temperature. Cold treatment is known to increase unsaturation of fatty acids (17) , which, according to Griffits (6) , are the specific cofactors of the ATP synthetase complex. Thus, they may improve the efficiency of oxidative phosphorylation at low temperature in the cold-acclimated leaves.
